The degradation of steam generator tubes in pressurized water nuclear reactors, particularly by stress corrosion cracking mechanisms, continues to be a serious problem. Primary water stress corrosion cracking is commonly observed at the roll transition zone at U-bends, at tube denting locations, and occasionally in plugs and sleeves. Outer-diameter stress corrosion cracking and intergranular attack commonly occur near the tube support plate crevice, near the tube sheet 
troubling recent trend has been the increasing occurrence of circumferential cracking at the RTZ on both the primary and secondary sides. Segmented axial cracking at the tubes support plate crevices, with interspersed uncracked ligaments, is also becoming more common. Despite recent advances in in-service inspection technology, a clear need still exists for quantifylng and improving the reliability of in-service inspection methods with respect to the probability of detection of the various types of flaws and their accurate sizing. These The causes of steam generator tube plugging have evolved with time, as shown in Fig. 1 .1 Early problems with wastage were found to be associated with the use of a low Na/P04 molar ratio phosphate water chemistry, and the problem was essentially eliminated with the introduction of all volatile secondary water treatment for pH control. Subsequent problems with tube denting were solved through better water purity, the replacement of Cu bearing alloys in the secondary system, and redesign of the tube support plates to eliminate the use of carbon steel and modify the geometries at the junctions with the tubes. Figure 1 clearly indicates that in recent years, primary water stress corrosion cracking (PWSCC) a n d outer diameter stress corrosion cracking a n d intergranular attack (ODSCC/IGA) have become the predominant identifiable causes of steam generator tube plugging in the U.S. The remainder of this paper will deal with these forms of tube degradation and their impact on tube integrity. 
Corrosion Problems in Steam Generator Tubing
As indicated above, stress corrosion cracking (SCC), both on the primary and secondary sides of the steam generator tubes, has become the principal degradation mode leading to tube plugging in the U.S. and worldwide. SCC can occur at any of a number of locations on both sides of the steam generator tubes, and it can take on variety of forms and configurations. The various forms of SCC seen and recent trends in observed degradation modes are summarized here.
Primary Water Stress Corrosion Cracking

PWSCC in the Roll Transition Zone
PWSCC most commonly occurs in the tube expansion transition region, or roll transition zone (FSZ) , where the tube is expanded into the tube sheet. The cracks are usually axial, but circumferential cracking has also been observed and can occur near the end of the expanded region above the tube sheet or farther down in the expanded portion of the tube. This type of cracking is discussed in more detail in Section 2.3 In the latter location, the cracks pose no particular threat to tubing integrity as long as they are sufficiently contained within the tube sheet to preclude bursting. However, PWSCC is a serious problem and a leading cause of tube plugging when it occurs near the end of the expanded zone above the tube sheet.
Several processes have been used to expand and seal the tubes against the tube sheets, and the process used strongly influences the residual stresses present in the RTZ and the tendency toward PWSCC. 
Performance-Based Steam Generator Rule and Regulatory Guide
The U.S. Nuclear Regulatory Commission (NRC) is presently developing a "performance-based" rule and regulatory guide for steam generator tube integrity.
This new rule is necessitated by the fact that current regulatory practice, which was formulated in the 1970s, is becoming outdated with the advent of substantial improvements in inspection technology and the increasing occurrence of such degradation modes as circumferential cracking, intergranular attack, and discontinuous axial cracking with interspersed intact ligaments. For at least some degradation modes, the current "rule-based'' regulatory approach appears to be too conservative.
1.5
Current regulatory practice takes a prescriptive approach under which tube plugging or repair is required when certain conditions are met. The most notable of these is that degradation depth by any process cannot, in general, exceed 40% of the tubing wall thickness. This depth was chosen to provide a factor of three safety margin against burst under operating conditions and 1.4 against burst under postulated accident conditions. I t includes allowances for NDE measurement error and flaw growth between inspections (how much?)
Objections to these plugging limits are based on the fact that flaw depth alone is often not best indicator of tube strength and that cracks in particular may not be inspectable to the 40% depth criterion. In response to these objections, eddy The Regulatory Guide framework supporting the new steam generator rule will include a number of key elements. First of all, it will provide guidance for developing measures to mitigate active degradation and to minimize the potential for new forms of degradation. Secondly, it will provide guidance on the development of inservice inspection programs, tube repair criteria, and leakage limit and monitoring programs. In addition, it will provide performance criteria commensurate with adequate tube structural and leakage integrity. Guidance will also be provided for performing assessments to confirm that the performance criteria adopted have been met during the previous operating cycle and that they will continue to be met during the next operating cycle. Finally, guidance will be provided on appropriate corrective actions (e.g., mitigation of active degradation mechanisms, improved IS1 procedures, etc.) and for evaluating the radiological dose consequences of tube leakage during postulated accidents. The new rule is discussed in more detail in a subsequent paper by Strosnider entitled "Steam Generator Rule." 
Evaluations Based on Overall Projected Leak Rates
Some current safety and integrity evaluations are based on calculations of overall projected leak rates over the next operating cycle for degraded tubes remaining in service. Additional information is needed in several areas to implement these evaluations. The first of these areas is once again inspection reliability, POD, and sizing accuracy. Detailed information on inspection reliability and POD will permit the true state of the generator to be estimated after IS1 by including flaws that were missed because of imperfect POD. Similarly, knowledge of sizing accuracy will permit corrections in the flaw sizes obtained from ISI.
Evaluations based on calculated overall projected leak rates also require information on the nature of the specific degradation processes active in the steam generator so that the state of degradation at the end of the operating can be estimated. More specifically, information on crack initiation is needed to estimate the number of cracks that will develop during the operating cycle, and information on crack evolution and morphology will permit an estimation of the total growth of cracks present at the beginning of the cycle as well as of those that initiate during the cycle. In addition, an understanding of the crack evolution and morphology is needed to determine if small cracks and ligaments change during the cycle to produce more planar cracks by the end of the cycle. . operating cycle. If failure is predicted, the models can be used to estimate the resulting leak rates.
. 3 Evaluations for Severe Accident Conditions
The above discussions have dealt primarily with possible tube failure under normal operating conditions. However, expected tube performance under severe accident conditions (e.g., station blackout and loss of primary feedwater) must also be considered in determining the continued serviceability of a steam generator with degraded tubes. As stated above, the performance criteria must ensure that the tubes have adequate structural and leakage integrity to permit safe shutdown under normal, design-basis-accident, and severe-accident conditions.
The principal concern under a severe accident scenario is containment bypass. The steam generator tubes make up more than 50% of the surface area of the primary pressure boundary, and the failure of a significant number of tubes during a severe accident would result in an unacceptable release of radionuclides to secondary side and eventually to the environment. The new steam generator rule must conform with NRC safety goal guidance that the probability of such containment bypass be less than per year. The Regulatory Guide will discuss how licensees are to address the severe accident risk associated with degraded steam generator tubes in order to achieve this goal. 
Summary of Research Needs
This paper has attempted to summarize the principal corrosion-related degradation processes observed in steam generator tubing and to provide the basis for and philosophy behind the new steam generator rule and Regulatory
Guide. A number of research needs have been mentioned or alluded to in the course of these discussions, and these needs may be summarized as follows: steam generator sections, along with laboratory-generated cracks, against which to qual@ procedures and techniques.
Steam generator evaluations under the new rule based on overall projected leak rate require information on crack initiation to estimate the number of cracks that will develop during the operating cycle. In addition, information on crack evolution and morphology is needed to permit an estimation of the total growth of cracks present at the beginning of the cycle as well as of those that initiate during the cycle. This information is also needed to determine if small cracks and ligaments change during the cycle to produce more planar cracks by the end of the cycle.
Integrity correlations are needed to relate failure pressures, failure modes, and leak rates to crack size, type and morphology. These correlations can be used to determine if cracks present in the tubes are likely to cause failure under normal or accident conditions before the end of a n operating cycle, and, if so, to estimate the resulting leak rate. 
